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CN '■ Abstract 

We consider the cosmological moduli problem in the context of high-scale supersymmetry 
^ ■ breaking suggested by the recent discovery of the standard-model like Higgs boson. In order to 
solve the notorious moduli-induced gravitino problem, we focus on the LARGE volume scenario, 
in which the modulus decay into gravitinos can be kinematically forbidden. We then consider the 
Affleck-Dine mechanism with or without an enhanced coupling with the inflaton, taking account 
of possible Q-ball formation. We show that the baryon asymmetry of the present Universe can 
be generated by the Affleck-Dine mechanism in LARGE volume scenario, solving the moduli 
and gravitino problems. We also find that the overall volume modulus decays into a pair of the 
axionic superpartners, which contribute to the extra relativistic degrees of freedom. 
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I. INTRODUCTION 



Recently the ATLAS and CMS collaborations 



lave discovered a standard model (SM)- 



also Q, 3). ' 



like Higgs particle with mass of about 125 GeV 
Higgs boson mass strongly suggests the presence of new physics at a scale below the Planck 
scale {4]. From both phenomeno logical and theoretical points of view, supersymmetry 
(SUSY) is arguably the most plausible candidate for the new physics beyond the SM. 

In the minimal supersymmetric extension of the SM, the 125 GeV Higgs mass can be 
explained without invoking large stop mixing if the typical sparticle mass is at O(10) TeV 
or heavier. In particular, the SUSY should appear at a scale below PeV for tan > 
2, where tan /3 represents the ratio of the up-type and down-type Higgs boson vacuum 
expectation values (VEVs). It is therefore of utmost importance to study the cosmological 
and phenomenological implications of such high-scale SUSY suggested by the Higgs boson 
mass. 

The string theory is a plausible candidate for an underlying high-energy theory, and in 
particular, it seems to possess some features the quantum theory of gravity should possess. 
However, it suffers from a serious cosmological moduli problem j^]. Massless moduli 
fields parametrize the continuous ground state degeneracies and they generally appear 
in the compactifications of extra dimensions. In order to construct phenomenologically 
viable models, those moduli fields need to be stabilized. However, some of them remain 
relatively light, acquiring masses induced only by the SUSY breaking. Because of its 
light mass, those moduli are copiously produced after inflation as coherent oscillations. If 
the moduli mass is of order the weak scale or lighter, they typically decay after the big 
bang nucleosynthesis (BBN), thus altering the standard cosmology in contradiction with 
observations. 

In the case of high-scale SUSY as suggested from the SM-like Higgs boson mass, the 
moduli fields with mass heavier than 100 TeV or so decay before the BBN, and the cos- 
mological moduli problem is greatly relaxed. However the moduli generically decay into 
gravitinos with a sizable branching fraction if kinematically allowed, and those graviti- 
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nos produce lightest SUSY particles (LSPs), whose abundance easily exceeds the ob- 
served dark matter density. This is known as the moduli- induced gravitino problem 
Furthermore, a huge amount of entropy is produced by the modulus decay, and any pre- 
existing baryon asymmetry would be diluted by a significant factor. Therefore it is difficult 
to generate the right amount of the baryon asymmetry via the standard leptogenesis J9], 
and we need more efficient baryogenesis such as the Affleck-Dine (AD) mechanism [101 ] . 
Thus, solving the issues of the moduli and gravitino problems and the origin of the baryon 
asymmetry is the key to understand the evolution of the Universe and high-energy theory. 
Our strategy is twofold. First we revisit the AD mechanism in high-scale SUSY break- 



ing, taking account of possible Q-ball formation [11|, [12] . We will show that the Q balls 
decay sufficiently fast and so they are cosmologically harmless, both because of the high- 
scale SUSY breaking, and because of the mild hierarchy between the gaugino mass and the 
scalar mass. Secondly we consider the moduli problem in a realistic moduli stabilization. 
In order to solve the serious moduli-induced gravitino problem, we consider the LARGE 
volume scenario (LVS) 13], in which the modulus decay into gravitinos can be kinemati- 
cally forbidden. Interestingly, the cut-off scale tends to be smaller than the Planck scale 
in LVS, and if the coupling between the inflaton and the AD field is enhanced, the resul- 
tant baryon asymmetry increases significantly. We will show that the right amount of the 
baryon asymmetry can be naturally generated by the AD mechanism in LVS, solving the 
moduli and gravitino problems. 

The rest of the paper is organized as follows. In Sec. [IT] we consider the AD mechanism 
in high-scale SUSY breaking to study if it can generate a sufficient amount of the baryon 
asymmetry in the presence of a huge entropy production by the modulus decay. We give 
two concrete realizations of the moduli stabilization and discuss the cosmological issues 
in Sec. [ITT] and Sec. [TV] The last section is devoted for discussion and conclusions. 
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II. AFFLECK-DINE BARYOGENESIS 

We first review the AD mechanism {lolll^. in which the baryon asymmetry is generated 
thorough the dynamics of scalar fields with baryon and/or lepton charge. To be concrete 
we assume a mild hierarchy between gaugino and scalar masses, such that the scalar mass 
is several orders of magnitude heavier than the typical gaugino mass. Such mass spectrum 
is realized in simple anomaly mediation with a generic Kahler potential as well as in the 
modulus mediation, as we shall see in the next section. 

We consider the effect of a large negative Hubble-induced mass on the AD mechanism 
and its cosmological consequences. Such an enhanced coupling of the AD field with the 
inflaton is expected in the context of LVS. We will see that the baryon asymmetry of the 
present Universe can be explained, even in the presence of a huge entropy production by 
the modulus decay. In particular, the Q balls decay before BBN, and so, they do not play 
any important role in our scenario. 



A. Affleck-Dine baryogenesis in high-scale SUSY breaking 



In supersymmetric theories, flat directions are ubiquitous [15|. The scalar potential 
along flat directions vanishes in the exact SUSY limit at renormalizable level. A flat 
direction can be parameterized by a gauge invariant monomial such as udd or LH U , and 
its dynamics can be described in terms of a complex scalar field 0, which we call the AD 
field. If the AD field <p carries baryon and/or lepton charge, its dynamics can generate 
the baryon asymmetry in the Universe. Hereafter we assume that the AD field <fi carries 
a non-vanishing baryon charge, /3. 

The flat direction is lifted by both non-renormalizable interactions and SUSY breaking. 
We consider a non-renormalizable superpotential of the following form, 

W = —^7<j) n , (1) 

Mr 3 

where y is a coupling constant, M* is the cut-off scale, and n is an integer greater than 
3. We set y to be real and positive without loss of generality. The value of n depends 
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on flat directions as well as on the existence of a possible discrete symmetry under which 

is charged. Taking account of soft SUSY-breaking effects, the scalar potential in a flat 
space time is expressed as, 

v(*) = ™m 2 + (J&r + h. c .) + ^i<r- 2 , (2) 

where m and A n are the soft scalar mass of (p and the coefficient of the A-term, respec- 
tively. The magnitude of mo and A n depend on the SUSY-breaking mediation mechanism. 
The A-term violates the baryon number explicitly, which is the source of baryon asym- 
metry. Hereafter we assume that m is of order 100 TeV or heavier, in order to explain 
the SM-like Higgs boson with mass about 125 GeV. As a reference value we will set 
rriQ = 10 3 TeV in the following analysis. 

Now we consider the dynamics of the AD field in the inflationary Universe. In the case 
where inflation is driven by the F-term of a canonically normalized inflaton, /, the AD 
field generally acquires a mass squared whose amplitude is of order the Hubble parameter 
squared, through the Planck-suppressed interaction in supergravity. We here assume that 
the sign of the Hubble-induced mass is negative 1 , 

V H = -?H^\\ (3) 

where H is the Hubble parameter and c is a positive numerical coefficient. For the 
moment, we consider the case of c = 0(1). Such a negative mass term is generated if 
there is a quartic coupling between inflaton and the AD field in the Kahler potential, 

^NM = ^| 2 |/| 2 , (4) 

where a is a positive numerical coefficient of order unity and M p \ is the reduced Planck 
mass. 

Suppose that the Hubble-induced mass cH during inflation is larger than the soft 
scalar mass rriQ. Then, the origin of <fi is destabilized and it settles down at the potential 

1 If the sign of the Hubble induced mass is positive, the AD field settles down to the origin during 
inflation and it does not play any important role in cosmology. 
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minimum determined by the balance between the negative Hubble-induced mass and the 
F-term from the non-renormalizable superpotential, acquiring a large expectation value: 

rn-3\ 1 /( n ~ 2 ) 



cH in{ Ml 



(5) 



ny/n — ly 

where H m f is the Hubble parameter during inflation. Such initial condition is one of the 
requisites for the AD mechanism, namely, 

H M > ^, (6) 

is required. 

Let us study the dynamics of the AD field <fi after inflation and see how the baryon 
asymmetry is generated. In the single-field inflation, <fi still receives a negative Hubble- 
induced mass after inflation, as long as the energy density of the Universe is domi- 
nated by the inflaton matter. In the case of multi-field inflation, we assume that the 
Hubble-induced mass term is negative and its magnitude does not change significantly 
during and after inflation. After inflation, <p then follows the time-dependent minimum 
(cH M™~ 3 /ny/n — ly) 1 ^™ -2 ) until cj) starts oscillations around the origin when H ~ mo/c. 2 . 
At the onset of oscillations, <fi is kicked into the phase direction by the A-term, and the 
baryon number is generated. The resultant baryon number density, 

n B = z/3(#*-#*), (7) 

can be evaluated by solving the equation of evolution, 

h B + 3Hn B = 2/3Im = ^#lm(0"). (8) 

Assuming that the scale factor evolves as a oc t 2 / 3 during inflaton matter domination, we 



2 Here we assume that the thermal correction to the scalar potential does not affect the dynamics of 
This is considered to be the case if the field value of <j> is sufficiently large. 
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a(t) J 3n 2 /("- 2 )(n-l)"/( 2 "- 4 )(n-3) y 2 /(™" 2 ) 
a(t osc )\ 3 2(n-2) 



obtain the resultant baryon number density at t > t osc : 

' a(t ~ )V 2i "- 2) n _ 3) g^i- 2 '^ 

Sc>l„<&Aft. (9) 

a l*J / ov n — — 3) 
where the subindex 'osc' means that the variable is evaluated at the onset of the os- 
cillations. Here <5 e fr < 1 is the CP phase factor, and it is typically of 0(0.1), without 
fine-tunings of the initial phase of the AD field. The baryon asymmetry in a comoving 
volume a 3 riB is conserved soon after the onset of the AD field oscillation, because the 
oscillation amplitude of <j) decreases rapidly due to the Hubble friction. 

So far we have assumed that the oscillation in the phase direction does not begin until 
the onset of the oscillation in the radial direction. This assumption is valid as long as the 
74-term is small enough, 

\A n \<^f^m Q = Af. (10) 
n z c z 

If the AD field starts to oscillate in the phase direction earlier, the estimate of the resultant 
baryon asymmetry becomes a little more complicated. Dividing the AD field into the 
radial and phase component, = l^e* 61 , the equation of motion for the phase component 
reads, 

9 + I 3H + 2j^- U + _^|0|"- 2 sin(^) = 0. 



Substituting the expression |0| ~ (cHM™ 3 /y/n — ly) 1 ^ n 2 \ this equation can be ap- 
proximated as 

S + *tzQj+ 2 "f^e = o. (12) 

(n-2)t 3V^Tt V ' 

Here we have assumed that 9 is not so large that one can approximate sin(ri#) ~ n9 and 

used H = 2/3t. Solving Eq. (TT2]) for n = 6, we obtain an approximate solution after the 

onset of the oscillation along the phase direction, 

9(t) cos [2 x [±)eo, (13) 
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where t p h = (2ncA n /3\/n — is the time at the onset of the oscillation in the phase 
direction and 6*0 is the AD field phase at t — t p h- Therefore, the time derivative of 9 at 
the onset of its oscillation along the radial direction is estimated as 

e(t osc ) ~ ^5 cS , (14) 

c 

where we include the overall CP phase factor 5 cff = ^q^osc- Here 5 osc represents how 
efficient the phase velocity turns into the baryon asymmetry at t — t osc . Then, we can 
approximate the baryon number density at the onset of the AD field oscillation in the 
radial direction, 

^B(tosc) ^ (3<Pl sc ~ ^0osAff- (15) 

Similar to the former case, the baryon asymmetry in the comoving volume is fixed soon 
after the onset of the AD field oscillation in the radial direction. As a result, we arrive at 
an approximate estimation, 

n B {t) ~ f^%lV /ScA.Oeff x / (16) 



a(t) 



with 



for A n < A™, 

f = { A cri . (17) 

-f- for A n > AZ\ 

where we have omitted an 0(1) numerical factor. Note that there is an upper bound on 

c, 

y/n- lffjnf 

C< ^A~ ' (18) 

in order for the AD field not to settle down to the potential minimum in the phase 
direction during inflation. Moreover, for the case c ~ 0(1), A n should not be much larger 
than A™ 1 since there arises a color-breaking potential minimum other than the origin in 
the scalar potential. 



S 



The present baryon-to-entropy ratio is then evaluated as 

^(to)^A-^(^) (19) 



6Vn^T(ri-3) m 2 \M pl/ 

in-10 3,r ( A n \ ( T R \ ( m ° ( ^°gc V 

° 7 cff V lO" 3 J V 10 3 GeV J V 10 7 GeV J V 10 6 GeW V 10 16 GeV J 



(20) 



where Tr is the reheating temperature. Here we have inserted the entropy dilution factor 
A due to the modulus decay. Note that if there is a moduli dominated era, the baryon 
asymmetry is diluted by a factor A -1 ~ Tx/T& om where the subindices X and 'dom' 
represent that the variables are evaluated at the modulus decay and at the onset of the 
moduli domination, respectively. 

Now we turn to the cosmological effect of Q balls QQ, which are potential obstacles 
in this scenario. A Q ball is a non-topological soliton, and the Q-ball solution exists when 
the scalar potential is flatter than the quadratic potential, and its stability is guaranteed 
by the conserved (baryon and/or lepton) charge. In the AD mechanism, this condition on 
the scalar potential is met if the radiative correction to the soft mass is negative 12, 1 161 ] - 
i.e., 

V(J>) 3 m^| 2 (l + Klog (^)) , (21) 

with K < 0. Here A is the SUSY-breaking scale where m is evaluated. K is a numerical 
coefficient of the one-loop radiative corrections and it becomes negative when the gaug ing 



loop dominates. For example, in case of the udd flat direction, K is evaluated as [16] 



^4^w^y^r. (22 ) 



3tt ml V!0 4 GeV / V10 6 GeV7 

where we have considered only gluino contributions. Note that we consider a case where 
there is a hierarchy between the scalar mass mo and the gaugino mass M a . For example, 
in the anomaly mediation with a general Kahler potential, the hierarchy is given by 
M a /m Q ~ M a /m 3 /2 ~ g^/167r 2 = 1CT 3 — 1CT 2 . As a result, \K\ is suppressed compared 
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to the case of m — M a 3 . 

If K is negative, the AD field condensate experiences spatial instabilities and Q balls 



are 



16 



brmed at about H = ~ 0.1mo|if|- The Q balls have the following properties 



17| 



\K\~ l,2 m^, w~m , <p Q ~ 77^-</>osc ^ 0.lc\K\(f) osc , (23) 

i3n 



1 osc 



where R is the radius of a Q ball, u is the angular momentum of the AD field inside a Q 
ball, and <pQ is the field value at the center of a Q ball. The charge and the energy stored 
in a Q ball are estimated as 

Q H R^ Q ^.OV^)" 2 ^)-' (J^) \ E Q ^ moQ . ,24) 

If the Q balls are stable, they may overdose the Universe. Alternatively, if they are 
unstable and decay into lighter degrees of freedom during BBN, it may change the light 
element abundances spoiling the success of the BBN. In the present case, however, the 
energy per unit charge, E/Q, is comparable to the soft scalar mass, m , and hence they 
can decay into quarks and lighter SUSY particles. The decay proceeds from the Q-ball 
surface and its rate is evaluated as 



1 dQ co 3 R 2 



Q dt 48vrQ 



(25) 



.10 

Thus, the decay temperature of the Q balls is 

-3/4 



- dec 



yr^-^eV^M)- , 27) 



Therefore, the Q balls decay much before BBN even if <f) osc is as large as the Planck scale, 
both because of the heavy scalar mass and because of the small value of \K\. The Q balls 
are cosmologically harmless in the high-scale SUSY breaking. 



3 It is possible that top (and bottom) loop contributions make K positive, depending on the value of 
tan p. In this case Q balls are not formed. 
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B. Effect of large negative Hubble induced mass 

So far, we have assumed that the negative mass of the AD field during and after 
inflation is of order the Hubble parameter, i.e., c ~ 0(1). Here let us consider the case 
where the coupling of the inflaton and the AD field in the Kahler potential is enhanced, 

#nm 2 = -t-\<f>\ 2 \I\\ M < M p i. (28) 
M 2 

Then the large negative Hubble-induced mass is generated, 

y H = -c 2 tf 2 H 2 , (29) 

where M denotes the effective cut-off scale for the enhanced coupling. Such an enhance- 
ment is indeed realized in the string inspired models as we shall see later. 

The large negative Hubble induced mass delays the onset of the AD field oscillation. 
Then, the Hubble friction is suppressed when the AD field starts to oscillate. One may 
worry that, since the AD field oscillates many times in one Hubble time, the AD field 
dynamics after the onset of its oscillations may wash out the baryon asymmetry generated 
by the first kick and the resultant baryon asymmetry may be suppressed. However, 
because the time scale of the first kick, H~ s l ~ cm^ 1 , is much longer than the typical 
time scale of oscillations, m^ 1 , the effect of the wash out tends to be negligibly small. As 
a result, the baryon asymmetry is determined by the first kick and becomes fixed soon 
after the commencement of the oscillations. The baryon asymmetry is therefore given by 

T {to) ~ 10 " 10/5cfr (ill) (w*) (lofev) (loSev) (lo^ev) (lo^iev) • 

(30) 

Note that the resultant baryon-to-entropy-ratio is enhanced by a factor of c 3 or c. (Note 
that / depends on c if the A-term is large.) 

The later onset of the AD field oscillation also affects the Q-ball properties. This 
results in the larger field value of the AD field at the center of Q balls and the larger 
charge stored in a Q ball. Although the large charge of Q balls suppresses the decay rate 
by a factor of c~ 2 (Eq. ( 126]) ). the Q balls can decay before BBN for a wide range of c. 
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However, in order to avoid the overproduction of the LSP produced by the Q-ball decay, 
c should not be too large. Typically it should satisfy c < 10 3 . The precise value of the 
upper bound depends on the thermal history of the Universe. If the modulus field decays 
later, the LSP produced by the Q-ball decay is diluted. However, as shown in Ref. 6[, 
the moduli tends to have a sizable (not chiral suppressed) branching fraction of the decay 
into gauginos. So in this case the LSPs may be still overproduced. That said, as we shall 
see later, the modulus field decays sufficiently fast in the concrete moduli stabilization 
because of the heavy gravitino mass. Therefore, the upper bound on c < 10 3 is a more or 
less reasonable constraint in our scenario. 

In summary, the large negative Hubble induced mass enhances the baryon asymmetry 
of the Universe. This will help the situation of string-inspired SUSY-breaking models 
where the baryogenesis is difficult due to the late time entropy production from modulus 
decay. 

Furthermore, the inflation scale is generically bounded above in order not destabilize 
the moduli fields. It is therefore non-trivial if the AD mechanism works in such low-scale 
inflation model, because the AD field may be stabilized at the origin during inflation. 
However, if c ^> 1, the origin can be destabilized by the large negative Hubble- induced 
mass term, the AD mechanism becomes viable. 



C. Discussion on the origin of the effective operator K = \(f)\ 2 \I\ 2 / M 2 

Before studying the moduli stabilization, let us discuss various possibilities of the origin 
of the effective operator in Eq. (|28|) . The structure of this term strongly depends on what 
;he inflaton / is, e.g. its Kahler potentia l |l9lj . For instance, the volume modulus inflation 
20j and the warped D-brane inflation 2l| are not suitable. In this paper, instead, we 



treat the inflaton as the usual chiral matter-like fields including open string moduli on 
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the visible brane for reheating the visible sector: i^inflaton ~ \I\ 

When a massive mode is propagating between the inflaton and the AD field, the cutoff 
M in the Kahler potential ( 12 8p is given by the mass after integrating it out. In the string 
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theories, there are many mass scales such as Kaluza-Klein (KK) scale, the string scale and 
winding scale. With the 6D compactification volume of extra dimension V = i? 6 M s 6 tring , 
they are written as 4 

M KK ~ — ~ M string ~ — j^., M wind ~ M 2 ringJ R ~ (31) 

in the large volume limit. Here we ignored the string coupling dependence. Note that the 
above KK and winding modes are the ones propagating in the bulk while the local KK and 
winding; modes relevant to the local models are estimated as M' KK ~ M p i/ (V 1/2 t 1/a ) and 
M^ ind ~ Mpir 1 / 4 /V 1 / 2 respectively, where r is a local modulus describing a 4-cycle. There 
will be also massive modes in the Landau level on the magnetized branes and its T-dual 
modes among intersecting D-branes, and their masses are given by of order Mkk (or M' KK ) 
and of order M string , respectively. If such massive modes are coupled to the light modes 
of our interest, the operator in Eq. ( 128|) . where M is identified with Mkk, Mstring, -^wind 



etc., will appear after integrating them out 22] . Then the enhancement factor of the 
Hubble-induced mass term reads 

c~V 2 / 3 , V 1 ' 2 or V 1 / 3 , (32) 

with the canonically normalized fields. Thus it is possible to realize 

c > 1 (33) 



in the large V limit. Note that the condition ([TO]) is not satisfied for the above values of 
c, and so, the phase of the AD field starts to oscillate before the radial component. 



1. Field-theoretical interpretation 

Here let us interpret the behavior discussed above from the view point of the field 
theory. We emphasize again that after integrating out massive mode propagating between 



4 Here the string scale comes from the coefficient in front of the 10D Einstein term: M s 8 tring J *io7l — > 
M s 2 tring V J *4lZ = Mpj J *4lZ up to the string coupling. The winding modes here are open strings which 
are wrapping on a cycle in the extra dimension or which are stretching between two branes. 
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the light modes, the cutoff M is given by the mass of the massive mode. The low-energy 
effective theories must be such that the cutoff M corresponds to the scale of the massive 
mode. 

Consider first the effective theory with heavy chiral multiplets ($# + '■ 

K = Z H (\<b H \ 2 + |$ C H | 2 ) + Zj\I\ 2 + ^|0| 2 , (34) 

Wheavy = M H * H $ C H + $^J. (35) 

Here Mjj = M p \ is expected from the holomorphicity 6 and Z is the Kahler metric that 
depends on closed string moduli. After integrating out ($# + <& C H ) and the canonical 
normalizing I c = Z l ^ 2 I and <p c = zV 2 (f), we obtain the effective operator, 



if low =^g< with M 2 = ^M 2 , (36) 



The M in string theories should correspond to the mass scale discussed above, even though 
it is difficult to obtain the information of the relevant wavefunction Z. 

In global string models sitting on the bulk, M will be of order the Kaluza-Klein scale. 
In local models, it will be around the string scale for the cancelled RR-tadpole case or a 



winding mode scale for the (global) uncancelled RR-tadpole case [23|. Those are because 
there are no Kaluza-Klein modes on the local brane and for the latter case the winding 
modes are necessary to cancel the global RR-tadpole. 

Next, let us consider the case with a heavy U(l) vector multiplet Vh- 

K = \I c \ 2 e 29qiVH + \(j) c \ 2 e 29q * VH + X -M 2 H Vl. (37) 

Here g is the U(l) coupling, qi and are the U(l) charges of / and 4>. Since we have 
assumed that inflaton / is a matter-like field, it is plausible for / to have the U(l) charge. 



5 On the flat space in the extra dimension, $>h can not be KK mode because the momentum conservation 
is violated while massive modes in the Landau level on the magnetized brane (and its T-dual) would 
be viable even in that case. 

6 If $h&h is charged under an anomalous U(l) symmetry, Mh will be a function of the moduli; it is 
possible to obtain Mh M p \ at the non-perturbative level. We ignored possible term of K D ^ H I<t> 
for a simplicity. 
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Let us consider the origin of the mass term in two ways. In string theories, Vh is typically 
a (no n-) anomalous U(l) vector multiplet and hence the mass term Mh comes from the 
Stiickelberg coupling between the U(l) and string moduli $ 

^moduli = K($ + $ f + V H ) D K'V + \K"Vl = £ Fl V + ^M 2 H V 2 . (38) 

Then Mh is given by the Kahler metric of the relevant moduli in the vanishing Fayet- 
Iliopoulos (FI) term limit, £pi = 0. On the other hand, if the above FI term is non-zero, i.e. 
K' ^ 0, a canonically normalized matter- like field ijj c charged under the U(l) symmetry 
will condense to cancel it via the D-term condition, D ~ K' + q^ipd 2 ~ 0. Then one will 
find the mass term of Vh'- 

K^ = \^ c \ 2 e 2 ^ M H ~g 2 (\il) c \ 2 )~g 2 \K'l (39) 

for \K'\ K". After integrating out Vh via dy H K = in Eq. (]37j) up to the kinetic term 
of the gauge field, one finds 

1/ \ 2 \d I 2 

K low = - c J c| ; (40) 

M 2 iT" I if' I 

M2 = « = %^ 01 iS for *" <a (41) 

Note that the Goldstone multiplet eaten by Vh is a modulus $ in the former case, whereas 
it is ip c in the latter case. Here Mh will be of order string scale for anomalous U(l) case, 



whereas for the case of non-anomalous massive multiplet 24j it will be less than of order 
the Kaluza-Klein scale and the relevant gauge coupling will depend on compactification 
volume. This is because the non-anomalous U(l) multiplet becomes massive due to the 
anomaly in the compact extra dimension. We also provide a few examples in the appendix. 

III. LARGE VOLUME SCENARIO WITH THREE KAHLER MODULI IN THE 
GEOMETRIC REGIME 

In this section, we shall study a supergravity model inspired by the string theory, in 
which there are lots of string moduli through the compactification. In a string model 
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compactified on a Calabi-Yau space, there will be the dilaton S determining the string 
coupling, the Kahler (volume) moduli T and the complex structure (shape) ones U. They 
should be stabilized because an ultralight moduli can mediate fifth forth among matter 
fields and the moduli determine the size of not only compactification but also of physical 
parameters such as a gauge coupling. Therefore moduli stabilization is mandatory in 
string theories. For it, closed string flux backgrounds in extra dimensions, i.e. flux com- 
pactifications, are powerful tools to fix a lot of the moduli simultaneously. The remaining 
moduli which is not stabilized by the fluxes can become massive by instantons/gaugino 
condensation. By combination of them, all the moduli can be stabilized on a Calabi-Yau 



space 



25]. In the followings, we will use the language in the type IIB orientifold flux 



compactification on the Calabi-Yau space 26]. 

On the other hand, the origin of the low cutoff scale M in Eq. (I28p will be naturally 
explained in terms of large volume compactification. However, such moduli relevant to 
the large volume typically has a long lifetime and hence may cause cosmological disasters, 
diluting any pre-existing baryon asymmetry. In the following subsections, the cutoff scale 
and the dilution factor will be estimated. The supergravity computations will be done 
in the Planck unit (M p i = 1), whereas the Planck scale will be shown explicitly in the 
physical quantities. 



A. Moduli stabilization and its consequences 



1. Moduli sector 



From this subsection, let us study an explicit supergravity model, which is so-called 



LARGE volume scenario (LVS) 



13] studied in 



27). (See also |28| and 



.) In such a 

scenario, a swiss-cheese type Calabi-Yau geometry and a negative Euler number on it 7 
will be required. 



7 With a singular cycle and a proper quantum effect from the large volume cycle, a positive Eulcr 
number will be also available for LVS 3C I . 
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In this type IIB orientifold model, the dilaton and the complex structures will be 
stabilized by the fluxes while the Kahler moduli will be fixed by the non-perturbative 
effect. We will focus on the Kahler moduli T relevant to the low energy physics and then 
mention the expected consequences of the dilaton and the complex structure moduli. The 
effective theory of Kahler moduli T; (i = 1, 2, 3) are given by 

tf = -21og(v+0, (42) 

V = (vm) 3/2 - {v^f 2 - ( % r 3 ) 3 / 2 , £ = - * C ® (43) 

2(2tt) ; V 

W = Ae- a(T2+Cie ^ Ts) - Be~ h{T2+C2e ~ 2nT3 \ (44) 

= Ae~ aT2 - Be' bT2 - {aAC^ 2 - bBC 2 e- bT2 )e- 2 ^ + ■■■ , (45) 

= W cS + A cS e~ 2 ^ + ■■■ . (46) 

In the followings, we will take 

ffc=i,2, 3 = O(0A - 1), g s = 0(0.1), C i=li2 , a, b = O(l), X = -0(100) < 0, (47) 

A,5>1. (48) 

Although choosing A, B ^> 1, (Weff) ^ 1 will be obtained naturally due to the exponen- 
tially suppressed racetrack stabilization. Such large parameters may be explained through 
fluxed branes. We decomposed moduli fields as 

Ti = n + ia t . (49) 

It is easy to note that T\ becomes the lightest modulus and o\ is massless because the 
former is not included in the superpotential and the latter is absent from the whole 
potential. Here g s is the string coupling fixed via flux compactification and \ is the 
Euler number of the Calabi-Yau space: \ = 2(/i n — h 21 ) = 2(3 — h 21 ) < 0. (Here we 
assumed h 1 } = h 2 ^ = 0.) T\ originates from the bulk volume 4-cycle of the extra dimension 
while T2 and T3 come from the local 4-cycle volume. Their axionic partners G{ do from 

RR 4-form on the relevant 4-cycles. Three rji are related with the intersection number 

1/2 

in the Calabi-Yau space between three 2-cycles ~ r i . The superpotential comes from 
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the double gaugino condensations on the separate two stacks of D7-branes wrapping on 
the rigid 4-cycle (divisor) 8 whose volume is given by T2, and hence one will find that 
a = 2ir/N and b = 2n/M, in which N and M are the rank of the gauge group, are of 
order unity. Hence the relevant holomorphic gauge coupling / on the branes are given 
by T2, and is supposed to be corrected by the Euclidean D3-instanton effects wrapping 
on non-rigid 4-cycle, whose volume is T3: fi = T2 + Cje~ 27rT3 + dilaton. Non-perturbative 
effect with such a gauge coupling is called poly-instanton (3l| 9 - Note that we set 
(Wflux) = (/ G3 A Q) — and it seems that the number of such flux vacua is not too small 



34J 10 . Here G3 is the three-form flux and Q is holomorphic three- form on the relevant 
Calabi-Yau space. 

The supergravity potential is written by 



V F = e 



K 



K IJ DjW(DjWy -3\W\ 2 



where ZW = diW + W^K). (50) 



Here K IJ is the inverse of the Kahler metric Kjj = didjK. 

One can easily check the vacuum structure 11 . First we define the gravitino mass 

m3/2 = e**W ~ (51) 

and F-terms of SUSY-breaking order parameters are given by 

pi = - e K/2 K IJ {DjWy. (52) 



8 Here, on the D-brane wrapping on the rigid cycle, there are no light adjoint matter fields called open 
string moduli which are Wilson line and the brane position. A stack of D7-branes sitting on the divisor 
preserves the supersymmetry and, in this paper, we will use 4-cycle as the same meaning of divisor. 

9 In general, there would be a case that an instanton wrapping on the non-rigid 4-cycle would contribute 
not to the superpotential directly but to the gauge coupling on a brane wrapping on the rigid cycle, 
because of too many fermionic zero modes on the non-rigid brane. In such a case, the modulus relevant 
to the non-rigid cycle would be stabilized via poly-instanton, i.e. gaugino condensations/instantons, 
generated on the rigid brane. ( However . K3 divisor is available only if there are some additional mech- 



anisms on it, e.g. three form fluxes |32|.) Furthermore, this effect becomes important for generating 



larger mass scale hierarchy between moduli rather than those of usual instantons [33 1. 

10 In the literature, it was found that iV vacua (W / fi ux = 0)/A^ vacua ~ 1/L 15 / 2 , where L is the upper limit 
of flux quanta and T> is an integer. Cases with L = O(10 — 10 3 ) (depending on the RR-tadpole 
cancellation) and T> = 0(1) were considered there. 

11 We numerically checked the followings are correct. 
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The heaviest modulus T 2 is stabilized near supersymmetric location like the racetrack 
model 12 : 

F T * ~ d T2 W ~ d T2 W cS ~0 (T 3 )~_l^log^Y (53) 

F T2 ^3/2 

m T2 ~ m CT2 ~ (Wefr) < 1, m 3/2 — — . (54) 

2r 2 m T2 

Next, the T 3 will be also fixed near the supersymmetric solution like the minimal LVS 



13|: 



w eff ( 

(W eS ) F Ts m 3/2 



F n^ Q v-r^-^e 2 ^ 3 , (55) 

A e f[ 



m-rs ~ m CT3 ~ log(V)m 3 / 2 ~ log(V) — — , — ~ m 3/2 . (56) 

V /T 3 

Finally, the lightest modulus T\, which is no-scale modulus corrected by the non- 
perturbative superpotential and ^V" 1 in the Kahler potential, will be stabilized because 
of the ^-dependent term like the minimal LVS case: 

<T 3 > ~ (1 ° g(r ' /2)) ~ m n ~ - {Wcs) , ^ = m 3/2 (1 + OOogCV)-^ 1 )) 

w/ 2tt s ' ri v /log(V)V 3 / 2 2n 7 V V V ; 

(57) 

Note that cti is massless axion and modulino Ti is the goldstino. Thus one obtains V — 
rf 72 ^> t^ 2 ~ r| 72 . Because of the large volume, even if there is a superpotential SW ~ 
e~ 2nTl , G\ still stays almost massless. As a result, the vacuum is non-supersymmetric 
AdS: 

12 

log(V)V 3 



Following the KKLT proposal 25|, |36j , the uplifting term is required to obtain the tiny 



cosmological constant (V) ~ 0, where 

V = V F + Kpiift, (59) 

e / \W\ 2 \ 

W 3 ' 6 \log(V)V 5 /3/ 



K P n ft = e e-/ 3 = -^, e.(JL\<l. (60) 



See, for instance, [35( for an explanation about the F-term structures. 
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Here we have assumed that Vu P iift is generated on the sequestered anti-D3-branes on a top 
of the warped throat 13 and e means the minimum of the warp factor. 

Let us consider to include the dilaton and complex structure moduli. They will be 
stabilized, being consistent with the Kahler moduli Tj, because the potential for them 
is of 0(V~ 2 ) with Wfiux whereas the Kahler moduli are done at (^(V^ 1 ) for T2 and at 
0(V~ 3 ) for T\ and T3. Then, their mass scale will be of order M p \/V. In this case, the 
contribution from the dilaton S and complex structure moduli U is written as 

Moduli = - log(5 + S f ) + K T (T + T f ) + K V (U + t/t). (61) 

And then 

m 8 ,u ~ e*/ 2 ~ I. (62) 



Here note that the supersymmetric mass terms between S and U are generally included 

'flux- 



in PVflnx. In this section, we assume that F u = and 



(F s ) ~ i(pwr^) W + s s w te ) ~ ~ jg^. (63) 

This is because one expects that S would be stabilized almost without ^-dependent Kahler 
potential: — W / ( S + S^) + d^Wn^ ps 0, though its magnitude would depend on flux models 



strongly 
moduli. 
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40| . Hence we will not consider also the derivative of F s with respect to any 



2. Visible sector 

Next, let us focus on the visible sector in this local model, and suppose that the minimal 
supersymmetric standard model (MSSM) is localized on the rigid D7-brane wrapping on 



13 



Dynamical SUSY breaking model is also viable [30(. See also [37[ for the KKLT case and discussion 



on such an anti-brane from the view point of the 10D supcrgravity 38 
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the T2 4-cycle. Therefore the relevant effective potential will be given by 41] 



11 



(T 2 + Th Ai 1 

Kvis = — — ^T— \<fii\ 2 = Zilfa] 2 , f visa = — (T 2 + h a S), W vis = W / MSSM(0vis)- 

(Ti + T{) 47r 

(64) 

Here we will take a minimal model A, = 1/3 and assume the approximate gauge coupling 
unification, i.e. h a = 0(1) (a = 1, 2, 3), which is given by the world volume flux depending 



on the gauge group on the visible brane 42[]. For instance hi < hs < hi is possible 



depending on the model. Notice that the gauge fluxes on the visible brane are relevant 
for obtaining the chiral matter spectra. S = l/g s — iC RR , where C RR is the RR scalar zero 
mode, is the 4D string axion-dilaton fixed by closed string flux. The factor 1 / (T\ + T/) _1 is 
important because the physical couplings in the superpotential are (almost) independent 
on the Ti in the large V limit: 

W - is ^" is W, tI - p K mo duti/2_y ^ vis (fit.) 



Thus one finds y phjs = yir-i) and 



physic ,g 6 N 
y M n-3 V 1 



M* ~ ^ ~ M wind . (67) 



The cutoff scale in the superpotential would be of order winding mode scale 23|, l43 |. 



Therefore we will not consider the moduli-redefinition effect [44j in this whole paper. 



14 In this case, an instanton on T3 would contribute to the visible gauge coupling while the gaugino con- 
densations on T2 would have effect on the visible small Yukawa coupling. However, we neglected those 
effects for a simplicity. The contribution of an instanton effect 47ri5/ V i S = e _27rT3 in the holomorphic 
gauge coupling to the gaugino mass will be the same order as computation shown below at most. For 
non-perturbative Yukawa coupling, even if there would be terms (SWVukawa = e~ aT2 (f> 3 or e -aT2 e -27rT3 </> 3 
from gaugino condensations, one will not suffer from the flavor changing neutral current induced by 
non-perturbative A-term because mp is large and F T2 is small. 
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The SUSY-breaking soft masses at the messenger scale are given by 15 (see, e.g. 45| ) 



_ j p I (F J ) t 9 / 5jlog(e" irmoduu/3 Z) (68) 



1 

V 



F Tl 



2ri 



m l/2 {\W eS \ 2 ) 



V V 3 



M a ~ F 7 ^ log(/ viSj0 ) + ^ f & F" - 2 ^ tr(T a 2 (0 l ))F 7 9 / log(e-*— /3 Z, 



(69) 
(70) 



h^ + ^lEl^^ (^L (71) 

a 2r 2 4nV2 Tl log(V)V log(V)V 2 ' 



* (n - 3)F> - F'0, log ( ^J;-..^ ) (72) 



1F^ F s m 3/2 (W eff ) 

rvj -+- rsj rsj / S 

Here the second term in the gaugino mass is originating from the anomaly mediation; 
b a (a = 1, 2, 3) is 1-loop coefficient of beta function of the gauge coupling in the MSSM 
and tr(T 2 (0j)) is dynkin index for the matter <pi charged under the MSSM gauge group. 
Note that the anomaly mediation contribution would be suppressed or be at most the 
same order compared to F s in the gaugino mass, because the F-term of the compensator 

™ diK j F s m 3/2 (W cS ) 

t * = m-xio H r ~ ■ ~ (74) 

3/2 3 S + St + log(V)V log(V)V 2 { } 

will be also suppressed. 

The above results of the soft masses are easily understood: Because F T2 is negligible due 
to the very massive T 2 , SUSY-breaking structure in the visible sector is determined by the 
no-scale modulus T\ with V -1 corrections in the potential. (However, in the computation 
of the coupling between the gauginos and moduli, the F T2 is important.) Note that the 
perturbative Peccei-Quinn symmetries of moduli/dilaton T, S — > T, 5* + const, forbid the 
moduli/dilaton dependence of couplings y^...^ in the visible superpotetial. 

Finally the mass spectrum is summarized as 

m T2 > m s ,u > rn T3 > m 3/2 > m > m n > A n > M a . (75) 



15 



We added 2(I4 P iift)/3 contribution to the soft scalar mass from the uplifting potential. 
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This is a realization of split SUSY 46|. What is important is that the decay of the lightest 
modulus to gravitinos is kinematically forbidden because of the fact that 7713/2 3> m Tl . 
Recall that axion a% is massless. 



3. A numerical example based on the model 2 in the literature 121] 



Following the literature, we hereafter will use the following parameters for numerical 
calculations 



ui = i, m = ^ 

C\ = 1, C2 = 3, a 
A = 1.28 x 10 5 



Vs = t» X = -136, g s 
o 

2tt , 2tt 

— i b = — , 

8 ' 9 ' 

B = 1.6 x 10 4 . 



2 
5' 



(76) 
(77) 
(78) 



t4 and B are much larger than unity, however this fact may be explained in terms of 
gaugino condensation on the magnetized D7-brane 47], |48J : 



A ~ e 



-a(h A /g s ) 



>1, 



-b{h B /g s ) 



> 1. 



(79) 



Here fa^B ~ ^ J s -Pa,b A -^4,b — ^a.b A 7?-a,_b is assumed to be negative and be of 
(9(1). Yia,b are respectively the 4-cycle worldvolume in the extra dimension of two branes 
(A, B) which experience gaugino condensations. Fa,b an d Ha,b are magnetic flux and 
geometric curvature two-form on the relevant two branes. In this example, in spite of 
A,B ^> 1, one finds 



(W eS ) « 1 



(80) 



and hence the scales of gaugino condensations is lower than the cutoff scale. Notice that 
Cj = 0(1) (i = 1, 2) will be also plausible when the instanton on r 3 is not fluxed and the 
geometric curvatures relevant to r 3 are zero. 

With these numerical parameters, the vacuum expectation values of moduli are read 

as 



(V) = 78559, (T 2 ) = 25.18, (T 3 ) = 2.88. 



(81) 
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Other parameters at the vacuum is shown in TABLE [H Although m T2 exceeds the string 
scale in this numerical example as shown, we are going to continue the discussion; it 
is expected that a proper choice of parameters would bring us to a viable region in 
which m T2 is below the string scale without changing the essence. In addition, we do 
not include complex structure moduli dependence in the scalar potential of e K in the 
numerical computation. This factor would reduce the masses slightly. At any rate, it is 
smaller than the Planck scale and hence this model could be valid just as the supergravity 
model. 



Fundamental parameters 


Moduli masses 


F-terms 


Soft masses 


M string = 1.2 x 10 16 GeV 
M* = 7.9 x 10 16 GeV 
\W eS \/M^ = 4.1X10- 5 
(V) = 78559 


m s ,u = 3-4 x 10 13 GeV 
m T2)(T2 = 3.1 x 10 17 GeV 
m T3itT3 = 5.3 x 10 10 GeV 
m Ti = 1.5 x 10 6 GeV 


F s = O(10 3 ) GeV 
F T2 /2r 2 = 0(10) GeV 
F T:i /2r 3 = 2.9 x 10 7 GeV 
F Tl /2n = 1.4 x 10 9 GeV 


m 3/2 = 1.4 x 10 9 GeV 
m = O(10 6 - 10 7 ) GeV 
A n = O(l0 3 - 10 4 ) GeV 
Mi/a = O(10 3 ) GeV 



TABLE I: A numerical example. Here we have included the dilaton dependence e D l/2g s 
in the supergravity potential. Although m T2 is greater than the string scale, it is smaller than 
the Planck scale; this model could be valid just as the supergravity model. We assumed F s ~ 
F v = 0(1 — 10) TeV. The magnitude of F Tl strongly depends on the accuracy of computation 
because T\ is so heavy. Note that o\ is massless axion decoupled from the visible sector. 



4- Higgs sector: fi/Bfi-term 



So far we have studied the moduli sector and the visible sector except for Higgs fields 
(H u ,H,i) in the MSSM. In the Higgs sector, generation of fi/Bfi-term is important. Fur- 
thermore, because SUSY-breaking stop mass is so heavy as 10 6 GeV in this model, the 
Higgs quartic coupling A trcc — (g^+dy) cos 2 (2/3)/8 at a high scale should be almost vanish- 
ing to obtainmHiggs — 125 GeV for the lightest Higgs boson. In other words, tan /3 = 0(1) 



is required 



49[ . This can be naturally explained if the approximate shift symmetry exists 



in the Higgs fields [50 ] . 
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If (H u , Hd) have the origin from a higher dimensional gauge field (SUSY gauge-Higgs 
unification) through the gauge symmetry breaking, e.g. by boundary condition, one 
would find an approximate shift symmetry H u ^ — > H^ + ij, which comes from the gauge 
symmetry. Here 7 is the constant. This constrains the structure of their leading Kahler 
potential at the tree level, though this symmetry will be broken at the quantum level or 
by the coupling to matter fields at the tree level (including worldsheet instantons). As a 
result the Kahler potential will be then given by 

(t 2 + t ] 2 ) i i\ t2 

^ffiggs = t \H U + H d \ H . (82) 

l J i + 2 i ) 

We have omitted terms which are breaking such shift symmetry, and it can be expected 
that they are threshold correction from the massive modes, e.g. KK modes. What is 
important is that the Giudice-Masiero term is included: 

( r 2 + r 2 t ) 1 / 3 

m + t!: 

From this Kahler potential, the proper //-term and 5/x-term are obtained 



^ffiggs ^ ; ^ t H u H d . (83) 



— -^^^ ( 1)T eV, (84) 
\fi\ 2 + m 2 = C(10 12 ) GeV 2 . (85) 

Here we have added 2(V up i;f t ) /3 contribution to -B/z-term and used values in the numerical 
example. Although we ignored F T2 in the soft masses, this becomes important for com- 
putation of the moduli coupling. From the extremum condition of the Higgs potential at 
the electroweak scale, one will find 



2Bfi 



= ^ ,^ 9 |„| 2 = 0(1). (86) 



It is expected the correction term will come from quantum effects and the threshold 
correction mentioned above. Thus tan/3 = 0(1) will be realized. Note that a fine-tuning 
is now demanded for achieving the correct electroweak symmetry breaking. 
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B. Moduli problem in LVS 



Here let us discuss the moduli problem, focusing on the lightest modulus. The purpose 
of this subsection is to calculate the dilution factor by the lightest modulus decay. 

Before uplifting the scalar potential, the AdS minimum has the depth of order 
— I (Weflf) | 2 log(V) _1 V -3 — — m^Mpj. The height of the potential barrier is comparable 
to the depth. Hence, in order to avoid run- away and decompactification, the Hubble 



parameter during the inflation is constrained as 20| 



H- mf <m Tx . (87) 
This is because the inflaton potential energy ?>Hf ni M^ x should be smaller than the height 



of the barrier m^M^ (see also 



5l|) 16 . For an inflation model with if in f < m T1 , the 
heavier moduli will stay at the true minima during inflation, while the lightest one may 
be deviated from the true minimum. The shift of the modulus VEV during inflation is 
expected to be of order 

^M pl (88) 

in terms of the canonically normalized modulus. Note however that it does not necessarily 
mean that the lightest modulus starts to oscillate with an amplitude given above. If the 
upper bound on H in f is saturated, i.e., H [Q { ~ m Tl , there is a cosmological moduli problem 
as usual; the modulus T\ starts to oscillate with an amplitude of order the Planck scale, and 
dominates the Universe soon after the reheating. The situation is a bit more complicated 
when H m f < m T1 . At the end of inflation, the inflaton begins to oscillate and the potential 
energy of the inflaton is transferred to the kinetic energy. If the time scale of the inflation 
oscillation is shorter than that of the modulus, i.e. mj ^> m Tl , where mj is the inflaton 



16 The constraint may be modified, if the position or the potential of moduli is changed drastically 
during the inflation. For instance, one can consider cases that a field shifted by the inflaton VEV 



makes the higher barrier or inflaton is the lightest rolling modulus [20(, realizing m Tl < H m i- (Sec 
also the modulus inflation model realizing TO3/2 < -ffmf for non-LVS case 52 1.) Hence, we expect that 
coherent oscillation of moduli with a large amplitude could occur in LVS, depending on the inflation 
model for realizing c 2 > 0. 
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mass around true vacuum, the modulus cannot follow the change of the potential caused 
by the inflaton and it starts to oscillate around the true vacuum soon after the inflation 
ends |53l |. 

H 2 

Thus, the oscillation amplitude of the modulus is expected to be of order ^f^M p i < M p i, 
when the whole potential energy of inflaton is transmitted into the kinetic energy. Noting 
that the inflation scale is also bounded below for the AD mechanism to work, H m f > mo/c, 
the resultant moduli abundance can be sizable. In particular, for the numerical example 
shown in TABLE [IJ the inflation scale is almost comparable to m T1 , and so, there is a 
serious cosmological moduli problem. 

On the other hand, if all the time scale of the inflaton dynamics is longer than that 
of the modulus, i.e. mj, H in { < m T1 , the modulus would settle down to the true vacuum 
without oscillation and there will be no moduli problem. However, the reheating temper- 
ature by inflaton decay tends to be low for such low-scale inflation models, and so, the 
AD mechanism will be an important possibility at any rate. 

To summarize, as long as the inflaton mass at the potential minimum is heavier than 
the modulus mass, the modulus starts coherent oscillations soon after inflation. Although 
the oscillation amplitude is suppressed for a lower inflation scale, it is bounded below 
for the successful AD baryogenesis. Therefore, the low-energy theory suffers from the 
cosmological moduli problem. In the following we consider the cosmology of the modulus, 
assuming that it dominates the energy density of the Universe. 

Here let us express the moduli fields in terms of the canonically normalized mass 
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eigenstates {5(f), 5a} 17 : 

( Sn \ I V 2 / 3 \ 



5t 2 
5t 3 

W/9.)J 

( Sai \ 

5a 2 
5cr 3 
\5C™J 



™3/2 



'3/2 



501 



5ai + 



( v 1 / 6 \ 




( v 1 / 6 \ 




/ v 1 / 6 \ 














5<p 2 + 


v 1 ' 2 


5<f>3 + 






U -1 ) 








1,0(1)/ 


( v 1 / 6 N 




( v 1 / 6 > 




( ^ 






v-v 2 








5a 2 + 


v 1 / 2 


5a 3 + 










Vv- 1 ; 




\o(i)J 



(89) 



<5a., 



(90) 



/v 2/3 \ 




V o / 

The mass eigenstates 5<pi should not be confused with the AD field <fi. Note that 
"m 3/2 /m T2 ~ 1/V and m 3/2 /m T3 ~ l/log(V). Here (5(f) 2 ,5a 2 ), (5(f) 3 ,5a 3 ), (5(j) s ,5a s ) and 
5(j)i have mass eigenvalues of m T2 , m TZ , m s and m T1 , respectively, while 5a\ is massless. 

Let us estimate the lifetime of <pi. The relevant moduli couplings to the visible sector 
arise from the gaugino mass and //-term: 



A r A r 



2^ 



+ anomaly-mediated terms 



1 F T2 r r 

+ 



3 2r 2 



(91) 



where A c and h c are canonically normalized gaugino and higgsino. The derivative of F T2 
with respect to the moduli are given by 

/ "^3/2 \ 

(92) 



(} 



'T, 



pT 2 



2r 2 



V 2/3 

m 



T-2 



yn T , A j 



Hence there is a large mixing between T\ and T 2 via F-terms, unlike in the singular regime 
we shall study later. From this, one can read the interactions relevant to the decay of the 



m 3/2 



P i 



A C A C + h c h c 



(93) 
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We have checked this relation numerically. This is consistent with the results studied in 54[ and [55| ■ 



2N 



Due to the loop factor, the anomaly mediation contribution to the gaugino mass is irrele- 
vant for the coupling between the modulus and gauginos. Thus the modulus decays into 
gauginos and higgsinos if it is allowed kinematically, and the decay width to the visible 
sector is given by 18 

T 01 ~ r(0! gg) + r(0! -+ hh) (94) 

N c fm 3/2 \ 2 Vlog(V) < (W cS f „ 

4tt V Mpi ; T1 4vr M p 2 v 4oi(V) V 7 /2 pi v ; 

Here iV c (= 12) is the effective number of decay channel. Note that the decay of the 
lightest modulus to gravitinos is kinematically forbidden. Here, the decay of <f>i — > 2a± 
also proceeds via the kinetic term 

-{d5 ai f. (96) 



M p i 

The branching fraction of the decay to a pair of axions is estimated as 

(Tfi \ 1 

m 3 /2/ log(V)V 

Thus the produced axions from the modulus decay is too small to affect the BBN or 
CMB. 19 

The decay temperature of 5<pi in the radiation dominated Universe is estimated as 

1/2 



r^VF^i-ixio^ L5x ^ GeV ) (l 



m 3 / 2 



4 x 10 9 GeV / ' 



(98) 



Thus, the lightest modulus <fti decays well before the BBN. 

The dilution factor due to the modulus decay can be estimated as follows. For most of 
the parameter region of our interest, the 8(j)\ starts to oscillate soon after inflation. Hence 
the temperature when the energy density of 5<fii dominates the Universe is given by 



18 We will use the dimensionless W e g through the normalization of W e s — > M^Weff. 

19 The present observations give a slight preference to the existence of dark radiation. The non-thermal 
production of axions is an interesting possibility [5^] . 
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A0i is the oscillation amplitude of the lightest modulus around the true minimum: 
A0i/M p i ~ if^f/m^ as mentioned above. Thus the dilution factor by the 5<pi decay 
is given by 

A-^ * 3 4 x 10- ( ^ ^ V2 f m3/2 ^ f-^M " (^l) " 
~ T^ m ' \1.5x 10 6 GeV / \lAx 10 9 GeV J \ 10 7 GeV / V M P i / 

(100) 

Finally we briefly comment on the neutralino dark matter non-thermally produced by 
the decay of the lightest modulus. We assume that the LSP is Wino or higgsino-like 
neutralino (or their combination). Although a large number of the neutralino LSP is 
produced by the modulus decay, they enter the thermal bath soon after they are pro- 
duced, because the decay temperature is comparable to the Wino/higgsino mass. Their 
abundance is fixed when the pair annihilation rate becomes smaller than the expansion 
rate of the Universe. After that, they decoupled from the thermal bath and their number 
in a comoving volume is fixed. In the case of the Wino-like neutralino LSP, the thermal 



relic density is given by 53, [58 ] 



"r-'ft^o.ix( ^ ). (ioi) 



If the LSP is the higgsino 20 , it is given by 46|, |57| 



Q f ermal)/i2 ~°- ix (i^4v) 2 - ( io2 ) 

Thus the dark matter abundance can be explained by the thermal relic of the Wino- or 
higgsino-like neutralino LSP. 



C. AD baryogenesis in LVS model in the geometric regime 

In this subsection, we apply this supergravity model to the AD baryogenesis, assuming 
that the inflaton is coming from a stack of the visible brane. There are several new 



If F s ~ 1/V 2 were assumed, one would find this result similarly. 
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ingredients for the AD baryogenesis, such as an enhanced coupling with the inflaton and 
the dilution factor A" 1 by the lightest modulus decay. Note that the other heavy moduli 
are irrelevant for the present discussion. 

We assume that there somehow exists the enhanced coupling with the inflaton in the 
Kahler potential and a non-renormalizable interaction in the superpotential: 

K = c 2 {y) \_A^ ) W = y Jf_ 3j where c ^zJ /2 0. (103) 

We would like to emphasize here that, even if if in f < m Tl ~ m , m <C cH lTL t is possible 
due to the large c, and the condition ([6]) can be satisfied. 

While the lightest modulus starts to oscillate soon after inflation, the AD field will 
remain away from the origin due to the inflaton coupling. Then, effective mass matrix of 
AD field and the normalized lightest modulus is given by 



c 2 H 2 



a 3/2 (<M 



(104) 



for m /c < H < H in {. (Note that the kinetic term is diagonal up to 4> C /M V \.) Here we 
could find contribution to the mixing from 5Ti5(p c (d Ti mQ)<f) c ~ — (rriy 2 <j) c /(VMpi))5<j)i5(j) c , 
(0c) ~ (cH M^~ 3 y^ n ~ 2 ^ and the inflaton coupling to the modulus is neglected since it will 
be dependent on the inflation model. As a consequence, for (<p c ) < cHM p im T1 V/m^ 2 ~ 
cHM p \V 3 / 2 1 (W c s), such a picture is valid until H ~ m /c. Around H ~ m /c, the AD 
fields also starts oscillating and the effective matrix becomes 



2 m 3/2 (<M 

m V M pl 

^3/2 (M m 2 



(105) 



Then, so far as CiOS c ^ M p \rnom n V / m 2 ,^ ~ M p i, the off-diagonal components is smaller 
than the diagonal ones. Furthermore, with respect to the phase of the MSSM flat direction, 
the mass mixing between it and the modulus is always smaller than the curvature of the 
phase direction due to the fact of (^^r^j ^ 1- Thus, we conclude that around H ~ m /c 
the true vacuum for the AD fields and the modulus becomes stable; the AD fields starts 
oscillating and the baryon asymmetry is generated. 
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The final baryon asymmetry is written as Eq. (1301) . assuming that the lightest modulus 
dominates over the energy density in the Universe. Since the dilution factor A -1 is already 
computed in the previous subsection, let us consider the typical magnitude of c. In the 
geometric regime there will be heavy KK modes and a massive one in the Landau level on 
the visible fluxed-brane wrapping on the local 4-cycle r 2 . They will be interacting with 
light modes, and the contact term K = | I c \ 2 \(f) c \ 2 / M 2 will be generated after integrating 
them out. Thus the mass scale M is expected as 

M ~ M' KK ~ ^ -> c ~ V 1/2 . (106) 
r 2 V V 1 ' 2 



Note that the condition of Eq. f fTOj) is not satisfied in this case. Thus the resultant baryon 
asymmetry is given by 

>> ~ (w) (loiv) g^r dfe) 2 <-> 

~ *"££<vpv x { TI-; ) ~ ^to^vF 1 !^ x I M^J ' (108) 

for a numerical example given in the previous subsection. Here we have used the result of 
0c,osc for ?i = 6 in W ~ y</> n . In this case the baryon would be explained for m 3 / 2 = O(10 9 ) 
GeV, V = C(10 5 ). 

Considering the unification of the cutoff scale, one might study the case of 

M ~ M* ~ M p i/V 1/3 -> c ~ V 1/3 , (109) 

though this operator is understood in terms of the winding mode. Again, Eq. ( ITUj) is not 
satisfied. For such a case, one finds 

>> ^ (£) (iJlv) (lo^)" (ite) 2 * «-) 

r (Wpff) / A0i\ _1 1 m 3/2 

~ Sog(V)V 4 y 7 / 6 X ^pJ ~Sog(V)V 4 VV 6 M^ X feJ • ( 1U ) 

Thus, in this latter case, the baryon asymmetry will be explained for 7723/2 ~ 10 9 GeV 
and A0i < M p \. Here we have adopted the result for n = 6, again. 
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IV. LVS WITH THREE KAHLER MODULI IN THE SINGULAR REGIME 



Here let us study the local model with visible branes on singularities 40|, instead of 
the geometric regime model. (For model building, see e.g. 59|.) The branes on the 
singularity lead to a chiral theory with anomalous U(l) symmetries. We consider the 
following Kahler and super-potentials: 

K = -2 logCrf/ 2 - + £/2) + (^±W + M! (112) 

W = W aux + e~ aTs + W MS su(<P), (113) 
f vis , a = ^(T 2 + h a S), (114) 

where Vum denotes the anomalous U(l) multiplet, |Wfl ux | = 0(1), which is general in the 
flux vacua, and r i =T i J r Tl. Thus, by replacing W eff with W^, all the results including 
soft masses are the same as those of the geometric regime, except for T 2 and Vuri). T 2 
is stabilized via the D-term condition, Dun) ~ 9t 2 K oc t 2 = 0, and it is the Goldstone 
multiplet absorbed into the Vum- Then one finds 

m T2 ~ m Vu(1) ~ M string ~ ^jfi, F T2 oc d T2 K oc r 2 = 0. (115) 

The result is reasonable since T 2 describes the volume of the singularity. Thus, in order 
to realize the SM gauge couplings, h a (S) ~ 25 is required, where h a may take slightly 
different values depending on the gauge group. Note also that the cutoff scale is estimated 
in a similar fashion to the case of the geometric regime, and it is given by M* ~ Mpi/V 1 / 3 ~ 

Hereafter we focus on the following case, 

V = O(10 7 - 10 8 ), g^-^ ( 116 ) 

in order to obtain the moduli masses and SUSY-breaking soft masses which are similar 
to the numerical example in the geometric regime. Then one finds 

F s 

M a ~- — ~ V- 2 ~ 10 2 GeV - 10 TeV. (117) 
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For scalar masses, depending on the unknown structure of the matter Kahler metric, they 



would be suppressed, compared to 



1 

V 3/2 ' 



For instance, given that Z ~ e 



ii/3 



they 



almost vanish at the messenger scale. Hence the resuldant masses are expected to lie in 
the range of M\/ 2 < mo < 21 • Such soft masses will lead to a natural explanation of 
the presence of dark radiation originating from ultralight axions produced by the overall 
modulus decay as already mentioned in the footnote [19j At the moment, we will take 
m o ~ y372 f° r a concreteness. 

It is known that, if chiral multiplets charged under the visible gauge group have the 
£7(1) charge, or if the U(l) interaction is not extremely weak, there will be 1-loop threshold 
corrections to the soft masses from the heavy gauge multiplet 62j|. This will lead to rather 
heavy gauginos and tachyonic scalars. In order to avoid this, we neglect those threshold 
corrections, assuming that the MSSM fields are not charged under the U(l) and that the 
MSSM singlet fields charged under the U(l) are heavier than the gravitino via instanton 

2ir(T 2 +hS) 



Let us express the moduli fields in terms of the mass eigenstates as follows [55| : 



( Sn \ 

W/g s )J 
I foi \ 

Sa 2 
Sa 3 
\6C™J 



( v 2 / 3 N 


"^3/2 



+ 



V v-/ V 
/v 2/3 \ 




. . 



/ \ 



V / 

/ \ 

v 1 / 2 



, . 



Sa 2 + 





Vv-V 


v 1 / 2 
Vv-v 



5fo 



Sa-> 



( V 1 / 6 \ 


\o(i)J 
( \ 



\o(i)J 



;ii8) 



5a* 



(119) 



Note that 5r 2 and 5a 2 do not mix with the other fields because of r 2 = 0. 5ai remains 
massless as before. 



21 After completing this paper, this possibility of suppressed scalar masses was pointed out during the 
3rd UTQuest workshop ExDiP 2012 Superstring Cosmophysics held at Obihiro in Japan. We thank 
J.Conlon for pointing out this. The issue on dark radiation in this context will be further studied in 



separate papers 



GO 



Gl 
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Suppose that the inflation scale is smaller than or comparable to the lightest modulus 
mass: H m f < m Tl . Then the lightest modulus 8(j)\ may induce the cosmological moduli 
problem, and if so, its decay is relevant for cosmology. The couplings of the lightest 
modulus to the visible sector are different from those in the geometric regime due to the 
fact 

d Tl 3 F T2 ~ d Tl 3 d T2 K ~ r 2 = 0. (120) 

There is just a smaller mixing between 7\ and T 2 than that in the geometric regime. In 
particular, the decay into gauginos and higgsino is suppressed as we shall see later. 
Instead, the moduli-dependent Giudice-Masiero term becomes important: 

d*e HuH \ = - [ d*e 5T ' , HuH \ (i2i) 
(T! + t1) J (t 1 + tI)(t 1 + tI) 

D -^-h c h c d 2 5<p u (122) 

M p i 

2 

772 

(5nd n + 5r 3 d T3 )(B^H u H d ~ -±S<kKK (123) 

where h c is the canonically normalized (light) Higgs field. The interaction from the B[i 
term is most relevant for the decay of 8<j)i. Then the total decay width is given by 

T^T{h^hh)~L<?* (124) 

if the decay is kinematically allowed. 

Let us comment on other decay modes. Noting that the /i-term is given by 

" " 7713/2 + ^ ~ (126) 

the coupling of 54>i to the higgsino is suppressed by the /^-parameter: 

-^-HihJic- (127) 
On the other hand, the coupling of 8(j)\ to gauginos is given by 

M,/9 

■xP^iAeAc, (128) 

Mpi 
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where we have assumed the dependence of F s on V as d T1 F s ~ ^3/2 /V 2 ^ 3 . In addi- 
tion, although one-loop suppressed, the anomaly mediation contributes to the coupling 
to gauginos. Thus, the branching fractions of the decay into gauginos and higgsinos are 
approximately given by (Mi/ 2 /m Tl ) 2 /log(V) 2 ~ V _1 /log(V) and (/i/m Tl ) 2 / log(V) 2 ~ 
V -1 / log(V) 3 , respectively. 

In this case that m ~ I/V 3 / 2 , as in the geometric regime model, one can read the 
branching fraction of — > 2a\ through the axion kinetic term: 

(Tft \ 1 
— ~ r^2 ~ 3 x 10 ~ 3 - ( 129 ) 
m / log(V) 2 

Thus the produced axions from the modulus decay do not give effect on the BBN or CMB 
again in this case. Note that the decay to gravitinos is kinematically forbidden. 
The decay temperature of the lightest modulus is given by 

/ \ 3/2 



Thus the dilution factor by modulus decay will be 

T_^_ _ / \ 3/ V T fi 

" dom 



^4"'" 10 " 6 x (iJ^f (lofev) (g) " • (131) 



Remember that A0i/M p i ~ H^/m^ for H m i < m Tl . So, for the modulus mass and the 
reheating temperature shown in the parenthesis, there is no entropy dilution if the Hubble 
parameter during inflation is a few orders of magnitude lower than the modulus mass. 

Now let us consider the LSP abundance. As one can see from ( 111 7ft and (I126f) . the 
higgsino is likely the LSP. For V ~ 10 7 , the LSP mass is given by m x ~ /i ~ 1 TeV, 
while the decay temperature is about 200 GeV. Thus, soon after the modulus decay, the 
higgsino LSP will be in equilibrium with the ambient plasma. The right dark matter 
abundance can be explained by the thermal relic of the higgsino LSP with mass of about 

nn 

1 TeV |46|, |57J. For a smaller value of V, the LSP abundance exceeds the dark matter 
density. On the other hand, for a slightly larger value of V, it is possible to account for 
the observed dark matter density by the non-thermal LSP production by the modulus 
decay. 
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It is possible to make the higgsino heavier by introducing the dilaton S dependence of 
the Kahler potential as 

/ d ^ Hu + H f z(S + S)= [ d 4 6Z\H u + H\\ 2 . (132) 

J (Tx + r/) J 

The //-term is then given by 

F s 1 

fi ~ m 3/2 + F'dj \og(Z) ~ j-^ ~ M a ~ — = 0(1) TeV (133) 

for V = 4.3 x 10 7 . Alternatively, it is possible to make gauginos lighter by considering 
the case of F s ~ (log(V)V 2 )" 1 as in the geometric regime. In these cases, if the LSP 
is a certain mixture of the bino and higgsino of mass (9(100) GeV, its thermal relic can 



account for the dark matter 



63]. The latest XENON100 result has placed a stringent 



constraint on such well-tempered bino-higgsino LSP scenario [64]. 

Finally let us consider the origin of the effective operator K = \I c \ 2 \<f) c \ 2 / M 2 and then 
discuss the result of the AD baryogenesis. On the visible brane in the singular quiver 
locus, there will be neither KK modes nor Landau level. However, there are stringy 
vibration modes. 22 Hence one expects 

M~M string ~^L ^ C ~V 1/2 . (134) 

This is similar but slightly different situation with respect to the LVS model in the geomet- 
ric regime. Note that Eq. (fTOj) is not satisfied in this case. The final baryon asymmetry 
is estimated as 



nB (+\ in-!0A f ° \ ( T dec \( m ° V 1 ( ^.° sc V ( A ^ 

— (to) ~ 10 5 cS [—) I — I [j^ev) [^Iq^ ) [j^ 



-i 



(135) 



log(V) 1 / 4 fA^y 1 ,, 1/4 m (&<k\ 



22 Furthermore the anomalous U(l) gauge multiplet would becomes relevant if both the inflaton and AD 
fields are charged under the anomalous U(l), such an operator is directly generated in this effective 
theory after integrating out the heavy multiplet as already mentioned in the section Iff CI However, 
threshold correction to soft masses also would become relevant. 
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For V = C(10 7 - 10 8 ), |W flux | = Oil) and A0 X < M ph we obtain the correct baryon 
asymmetry. Here we have adopted the result for n = 6 superpotential. 

Considering the unification of the cutoff scale again, it is plausible to find the case of 
M ~ M* ~ Mpi/V 1 / 3 — > c ~ V 1//3 , since the winding mode results in generating such a 
operator. Again, Eq. fflUj) is not satisfied. Then, one obtains 

T (*o) ~ 10 5 cff j J VloTGeV/ VlO^GeV J J 

log(V) 1 / 4 log(V) 1 / 4 m 

~ 4ff n^ x lM^J ^ 5cff n^M^ x feJ ' (138) 

Thus for tuq = O(10 7 ) GeV, the right amount of the baryon asymmetry may be obtained 
naturally for A<pi < M v \. Here we have used the result for n = 6 superpotential, again. 



(137) 



V. DISCUSSION AND CONCLUSIONS 

So far we have simply assumed an inflation model satisfying the constraint ( 1H71) . One 
of such low-scale inflation models is the so called new inflation. For instance, we consider 
the two-field new inflation model on the visible brane. The superpotential is given by 



W = X \^-T7^)i ( 139 ) 



where ip is the inflaton and X has a non-zero F-term during inflation. The Hubble 
parameter during inflation is of order fi 2 . The cut-off scale M is considered to be the 
winding scale. We assume that the Kahler potential is such that the inflaton mass during 
inflation is smaller than the Hubble parameter by at least one order of magnitude. The 
smallness of /i can be explained if it arises from the gaugino condensation or instantons. 
Interestingly, it may be possible to suppress the gravitino production from the inflaton 



decay 
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5M671| in the LVS. This provides another motivation for the LVS, when the moduli 
problem is avoided by considering the low-scale inflation. 

We have also clarified the cosmological moduli problem in a concrete realization of the 
moduli stabilization. In particular, we have pointed out that, even if the inflation scale 
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is generically required to be smaller than the modulus mass in order to avoid decom- 
pactification and run-away, the modulus starts coherent oscillations after inflation with a 
suppressed amplitude of order H? n{ /m%- This is the case if the inflaton at the potential 
minimum is heavier than the moduli. The induced moduli abundance is not negligible 
unless the Hubble parameter during inflation is many orders of magnitude smaller than 
the modulus mass. Furthermore, since the Hubble parameter is bounded below for the 
AD mechanism to work, the moduli abundance can be sizable. Thus, the cosmological 
moduli problem needs to be considered seriously even if a low-scale inflation is assumed. 

The recent discovery of the SM-like Higgs boson suggests the high-scale SUSY breaking 
at about 10 TeV up to the PeV scale. Such high-scale SUSY has the cosmological advan- 
tage of ameliorating the cosmological moduli problem. However, there is the notorious 
moduli-induced gravitino problem: the moduli fields generically decay into gravitinos at 
a sizable branching fraction. Unless the gravitino mass is sufficiently heavy, the gravitino 
decay produces too many LSPs, whose abundance easily exceeds the observed dark matter 
density. In order to avoid this problem, we have considered a concrete realization of the 
moduli stabilization in the LVS, in which the modulus decay into gravitinos is kinemat- 
ically forbidden. We have shown that the cosmological moduli problem is indeed solved 
without the LSP overproduction. 

Another important issue is the baryogenesis. Although the moduli fields decay before 
the BBN, the pre-existing baryon asymmetry is diluted by the huge entropy produced by 
the modulus decay. Therefore, it is important to study an efficient baryogenesis mecha- 
nism, and we have focused on the AD baryogenesis, taking also account of possible Q-ball 
formation. We have shown that the Q balls decay sufficiently fast, both because the SUSY 
breaking scale is relatively high, and because of the mild hierarchy between the scalar mass 
and the gaugino mass. We have also studied the enhanced coupling between the inflaton 
and the AD field, which is expected in the LVS. Interestingly, such an enhanced coupling 
has turned out to increase the resultant baryon asymmetry by many orders of magnitude. 
Furthermore, the enhanced coupling makes it easy for the AD field to develop a large 
field value during inflation, which is non-trivial especially if the inflation scale is bounded 
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above. 

The discovery of the Higgs boson with mass of about 125 GeV, therefore, is shedding 
light not only on the origin of mass, but also on the beginning of the hot radiation 
dominated Universe as well as the origin of matter. 
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Appendix A: Example of c 

a. Examples: Heavy chiral fields 

Consider the Kahler potential below with a volume modulus T = V 2 / 3 and the super- 
potential Eq. (1351) : 

^moduli = -2M 2 log(V) = -3M 2 log(T + Tt), (Al) 
Z H = Zj = = ^ = (T ^ Tt) - (A2) 

In this case, one finds 

M = ^§ ~ M wind . (A3) 
This M coincides with the physical heavy mass 

M phys = e K/2 M ^ z and algo the cutoff 

scale M* in the physical superpotential 



W = = (A4) 

Mr 3 Vz* Vz^m™- 5 v ' 
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Note that this is understood as a kind of local models because y phys does not depend on 
V. 



b. Examples: Heavy vector field 

Consider the Kahler potential below with two moduli T = V 2 / 3 and T v Eq. ( 13 7p and 
©ED: 

Moduli = -2M 2 log(V) + M 2 J Tv+Tv v +Vh) \ (A5) 
/ = ^ + dilaton. (A6) 

4:71 

Thus it is easy to read the gauge boson mass in the vanishing Fayet-Iliopoulos term oc T v 
limit: 

M ~ M H ~ M string ~ (A7) 

Here we assumed that the gauge coupling, which will be given by the dilaton, is of 0(1). 
If one considers the relevant Kahler potential is given by 

K mM = -3A/J log(T + T> + V„), (A8) 

' = £ (A9 > 
the D-term condition D ~ 1/T — q^,\il) c \ 2 ~ becomes important. Then one finds Mh = 
g^/Wl ~ M pl /V 2/3 ~ M KK and 

M ~ ~ ^§ ~ M wind . (A10) 

On the other hand, when the relevant Kahler potential is given by 

^moduli = -3 M 2 log(T + Tt + V H ) + K other moduli ($ + $t + ^ ) , (All) 



/=4^|r+>^ 4 ], (A12) 
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it will be possible to study the vanishing F 
boson mass will be Mh ~ gV K" ~ M p \/V 



■term, i.e. 8tK + d&K = 0. Thus the gauge 
while 



M 



'K'< 



pi 



y2/3 



M 



KK- 



(A13) 



Typical values of c will be exhibited below. 



c 2 


V 2/3 


V 


v 4 / 3 




10 


30 


10 2 




10 2 


10 3 


10 4 




10 3 


10 5 


10 6 




10 9 


10 14 


10 18 



TABLE II: Varieties of c. T = V 2 / 3 is corresponding to the overall volume modulus in super- 
gravity. Note that gauge coupling at the tree level is given by g~ 2 ~ T/4ir on the D7-brane in 
the bulk. 
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